Spores of five strains of Clostridium botulinum differing widely in their heat resistance contained 7.4 to 13-4 % dipicolinic acid. There appeared to be no correlation between DPA content and heat resistance of the various strains. The rate of loss of DPA during heating at 75 and IOOO was consistently slower than the rate of loss of spore viability, though, in general, heat-resistant strains lost DPA less quickly than did heat-sensitive strains.
I N T R O D U C T I O N
Since its discovery by Powell (I 953), dipicolinic acid (DPA, pyridine-2,6-dicarboxylic acid) has in various ways been related to heat resistance of bacterial spores. Spores as a group are exceptional in the biological world in that they contain Iarge amounts of DPA: 5 to 15 % of their dry weight (Church & Halvorson, 1959; Murrell & Warth, 1965; Murrell, Ohye & Gordon, 1969) . Appearance of heat resistance during formation and maturation of spores has been correlated with the synthesis of DPA (Perry & Foster, 1955; Collier & Murty, 1957; Hashimoto, Black & Gerliardt, 1960; Wooley & Collier, 1965) .
Release of DPA from spores proceeds at a slower rate than loss of viability of spores during heating (Foster, 1959; El-Bisi, Lechowich, Amaha & Ordal, 1962 )~ or loss of heat resistance during spore germination (Wooley & Collier, 1965) . However, reports of a quantitative relationship between the spore's content of DPA and its degree of heat resistance are the subject of some controversy (Lund, 1958; Lechowich & Ordal, 1960; Levinson, Hyatt & Moore, 1961; Byrne, Burton & Koch, 1960; Walker, Matches & Ayres, 1961 ; Murrell & Warth, 1965; Murrell et al. 1969) .
We have postulated that a relationship between the heat resistance of a bacterial spore and the rate at which its DPA is released on heating would be a reasonable probability in that it would relate the heat resistance to the energy required to remove DPA from any hypothetical protective spore-DPA complex(es) such as have been postulated by various workers (Halvorson, 1958 ; Riemann, 1963 ; Tang, Rajan & Grecz, 1968) . In order t o test this hypothesis, it was desirable to select a taxonomically closely related group of bacteria whose spores demonstrated widely different resistances to heat; Clostridium botulinum was selected since the heat resistance of the spores of different strains of this species vary by as much as Iooo-fold (Murrell, 1955) .
N . G R E C Z AND T . T A N G METHODS
Test organisms. The five strains of three serological types (A, B, E) of Clostridium botulinum in Table I were used.
Spore production. The sporulation medium consisted of 5 % trypticase (BBL) and 0.5 % peptone (Difco) to which freshly sterilized 10 % (w/v) sodium thioglycollate was added to 0-1 % just before inoculation. For production of spores of type E, freshly sterilized 10 % glucose was added aseptically to I %. The inoculum was built up by incubating 20ml. of medium in a screw-cap tube with 2 ml. of the stock culture. To activate the spores for germination they were heatshocked at 80" for 10 min. (type A and type B strains), or 60" for 13 min. (type E strain). Serial transfers were carried out at daily intervals for 2 to 3 days to obtain an actively growing culture. Aliquots of 10 ml. of this culture were inoculated into 5 oz. prescription bottles each of which contained IOO ml. of freshly prepared sporulation medium. The bottles were inverted several times in a 9 and 17 h. cycle. Incubation was carried out at 30" and the progress of sporulation was followed by phase contrast microscopy. Spores were harvested by continuous centrifugation in a refrigerated Servall RC-2 centrifuge, washed three times in distilled water, resuspended in 0.067 M Sorenson's phosphate buffer (pH 7) and stored at -20" until needed.
Heat treatment. Heating was carried out in a 'Hot-Pack' water bath. To eliminate corrections for the time necessary to reach the heating temperature, the suspending buffer was first heated to the desired temperature. The stock spore suspension was added at zero time to give 10' to IO* spores/ml.; samples were withdrawn at intervals, rapidly cooled in ice and stored in the refrigerator. Spore viability was determined by colony counts in oval culture tubes using the medium of Wynne, Schmieding & Daye (1955) solidified with 1-5 % agar.
DPA was assayed by (a) the colorimetric method of Janssen, Lund & Anderson (1958) or (b) the direct spectrophotometric determination of the extinction at 270 nm. of the ethyl ether fraction obtained by reflux extraction (Perry & Foster, 1955) .
L

R E S U L T S
Release of DPA during heating Fig. I Fig. 2 shows that during heating at 1 0 0 ' the initial rate of loss of DPA from four strains of Clostridium botulinum was consistently slower than the rate of loss of spore viability. Delay in DPA release such as observed here in C. botulinum has been repeatedly reported in studies with spores of other micro-organisms (Lund, 1958 ; Foster, 1959; El-Bisi et al. 1962) . Apparent exceptions were strains V H . E (Fig. I ) and 3 6~ (Fig. 2) , which exhibited a rate of release of DPA which after 10 min. of heating seemed to exceed the rate of loss of spore viability. However, unlike the other organisms studied, these two strains had distinctly diphasic survival curves suggesting that their spore populations were heterogeneous. The survival curves indicated that the populations consisted of approximately 90 to 98 % heat-sensitive spores responsible for the steep initial decline, and 2 to 10 % of heat-resistant spores responsible for the characteristic change in slope of the survival curves after 5 to 10 min. of heating. The small number of heat-resistant spores in the residual population would not contribute any measureable amount of There was no detectable correlation between the DPA-content of spores and their heat resistance (Table I) . Thus the most sensitive strain (VH .E) and the most resistant strain ( 4 1~) both contained about the same amount of DPA, namely 9.5 and 8.1 % respectively.
However, there seemed to be some correlation between the rate of loss of spore viability (i.e. heat resistance) and the rate of loss of DPA. From Fig. I and 2 it was estimated that the heat-sensitive strains 3 6~ and 5 I B lost go % of their DPA within 4 to 5 min. at IOO', whereas the heat-resistant strains 33A and 41 B lost 90 % of their DPA within 42 and > 50 min. respectively.
From the D values listed in Table 2 , the ratio of the rate of loss of DPA to the rate of loss of viability at 100' was 1.6 to 1.7 for the heat-sensitive strains and 2 to 4 for the heat-resistant strains. These ratios represent the extent by which loss of DPA lagged behind loss of viability. In this sense it may be concluded that in general the more heat-resistant strains retained DPA during heating more tenaciously than did the less heat-resistant strains.
Retention of DPA by heat-killed spores To determine whether there was any correspondence between the amount of DPA which remained spore-bound after various periods of heating and the number of spores that survived this treatment to retain their viability, the total residual spore-bound DPA was assayed and expressed as a % (wlw) of the calculated dry weight of the surviving, viable spores. This experimentally determined ratio was then compared with the known DPA content of unheated, viable spores of this species (13.4 %, w/w).
Three possibilities were envisaged: that this experimental ratio would possess (i) a value of 13.4 %, which would mean that heat-killed spores must be devoid of DPA; or (ii) a value of < 13-4 %, which would indicate total or very extensive loss of DPA from killed spores plus some loss of DPA from surviving, viable spores; or (iii) a value of > 13-4 %, in which case some DPA must have been retained by heat-killed spores irrespective of whether some DPA might simultaneously have been lost by surviving, viable spores. Table 3 (last column) shows that possibility (iii) was in fact the actual situation.
The calculated ratio steadily increased above the initial I 3-4 %, reaching over 20,000 : < after 45 min. of heating. Apparently, a considerable amount of DPA was retained by heat-killed spores. Thus it may be concluded that the thermal resistance of the spore was broken some time before all its DPA was lost.
The amount of DPA which may be retained in the spore at the instant of its death was estimated by plotting the number of spores killed v. amount of DPA released, expressed as a percentage of the dry weight of killed spores (Fig. 3) . During the initial heating, rapid loss of spore viability occurred with relatively little loss of DPA; this is evident from the steeply ascending portions of the plots in Fig. 3 . On more prolonged heating, following the death of most of the spore population, additional DPA continued to be released as shown by the horizontal plateau of the plots in Fig. 3 . The sharp 'breaking point' at the intersection of the horizontal and ascending portions of a plot represents the point of maximal destruction of spore viability, namely at this point the spore population was inactivated to the extent of 94 to 98 % (at 1 0 0 ' ) and 91 to 92 % (at 75'). At the 'breaking point' the amount of DPA which had been released from the spores was strain-determined and varied over a range from 0.4 to 72 % of the total initial DPA concentration (Table 4) ; therefore, at the instant of thermal death, all spores must have retained a considerable amount of their DPA, conceivably as much as 28 to 99.6 %.
D I S C U S S I O N
Our experiments have established a correlation between the rate of DPA loss during heating and the rate of thermal death of spores. However, the evidence does not enable one to say whether the loss of DPA is intimately connected with the event of thermal death or is merely a consequence of general structural degradation within the spore.
Release of DPA from spores during heating may involve at least two distinct sequential steps: (i) breaking or detachment of hypothetical DPA complexes from attachment sites in the spore (Rieman, 1963; Tang et al. 1968) ; and (ii) leakage of DPA or DPA complex(es) through the spore membranes and coats.
If DPA plays a role in heat resistance, step (i) may lead to denaturation of vital biopolymers and death of the spore even though DPA may remain trapped or adsorbed in the spore; only step (ii) would result in measurable loss of DPA into the medium.
In our strain 3 3~ (Fig. I) , DPA may have been permanently or transiently released from its binding sites at 75O, resulting in extensive spore inactivation. However, the permeability of spore membranes and coats may not have been sufficiently affected to allow extensive loss of DPA to occur. At the same temperature the membranes or coats of the heat-sensitive strain VH type E may have been disorganized to such a degree that DPA penetrated them freely and was rapidly lost.
The relationship between a spore's content of DPA and its heat resistance, although widely believed, has never been satisfactorily proved. Furthermore, in addition to DPA, other mechanisms have been postulated, e.g. stabilizing -S-S-cross-linking predominant in spore protein (Vinter, I 96 I), gel-like spore interior analogous to thiolated gelatins (Black & Gerhardt, I 962), or stabilization by peptidoglycan polymer network of the spore cortex (Murrell et al. 1969) . The existence of several parallel mechanisms would explain why spores of DPA-less mutants (Halvorson & Swanson, 1969) , although much less heat-resistant than those of the wild type, are still more heat-resistant than vegetative cells.
Because of the many possible factors which may play a role in the thermal inactivation of spores and which may differ from strain to strain, one would not expect there to exist a simple relationship between heat resistance and either the amount of DPA or the rate of release of DPA during heating. 
